Graphical Abstract Highlights d Comparative AP-MS reveals shared and virus-specific interactions d NS5 suppresses interferon stimulated genes by inhibiting PAF1C recruitment d Pharmacological modulation of the SEC61 translocon inhibits virus replication d Zika virus NS4A inhibits brain development in vivo in an ANKLE2-dependent manner SUMMARY Mosquito-borne flaviviruses, including dengue virus (DENV) and Zika virus (ZIKV)
INTRODUCTION
Vector-borne flaviviruses are a source of emerging and reemerging infectious diseases. Dengue virus (DENV) is transmitted by mosquitoes and infects nearly 400 million people annually (Bhatt et al., 2013) . Zika virus (ZIKV), which is also transmitted by mosquitoes, has a replication cycle similar to DENV (Saiz et al., 2016) but causes a distinct disease. For example, infections in pregnant women are linked to congenital microcephaly (Mlakar et al., 2016) and other developmental defects in infants (de Paula Freitas et al., 2016; Moore et al., 2017) . Given the many similarities, as well as the striking differences in pathogeneses, comparative studies of DENV and ZIKV should be useful in identifying their underlying causes. These studies will be especially critical for developing antiviral therapies, a priority in light of the absence of effective vaccines for both viruses.
Flaviviruses are positive sense, single-stranded RNA viruses. Their genomes are approximately 11 kilobases in length and encode a single polyprotein that is cleaved by viral and cellular proteases into 10 viral proteins. In addition to genomic RNA, virions are comprised of three structural proteins-Capsid, prM, and Env-that facilitate virion entry and maturation. Non-structural (NS) proteins orchestrate replication, assembly, and release. The functions of the non-structural proteins are still being discovered, but it is well established that NS2B together with NS3 forms the viral protease, NS3 alone serves as the double stranded RNA helicase, NS4A remodels endoplasmic reticulum (ER) membranes to create replication sites, and NS5 is an RNA methyltransferase and RNA-dependent RNA polymerase (Fernandez-Garcia et al., 2009) .
Viruses must also hijack a considerable number of host factors to rewire cellular pathways and carry out processes required for replication. This is often achieved through physical interactions between viral and host proteins, and several flavivirus-host PPIs have been described (Fernandez-Garcia et al., 2009) . For example, both DENV and ZIKV NS5 antagonize interferon (IFN) signaling through binding and ubiquitinmediated degradation of STAT2 (Ashour et al., 2009; Grant et al., 2016) .
Unbiased systematic studies play a powerful role in the effort to identify new virus-host PPIs by elucidating how viruses replicate (Batra et al., 2018 , this issue of Cell; Davis et al., 2015; Jä ger et al., 2011a; Kane et al., 2015; Ramage et al., 2015; Taguwa et al., 2015) , uncovering new functions of host machinery (Chen et al., 2018; Jä ger et al., 2011b) and revealing how dysfunction of these pathways can cause disease (Eckhardt et al., 2018) . Several systematic and unbiased approaches to identify host factors involved in flavivirus replication have been conducted to date (Hafirassou et al., 2017; Mairiang et al., 2013; Marceau et al., 2016) , but none have systematically identified flavivirus-host PPIs for multiple flaviviruses directly in primate and vector host cells in which they replicate.
A key advantage of integrating multiple virus-host PPI networks is that this comparative approach can help elucidate similarities and differences in mechanisms of replication and even pathogenesis . Here, we used a combined proteomic and gene perturbation approach to generate and integrate three complementary flavivirus-host protein interaction networks in human and mosquito hosts to identify similarities that may be targeted therapeutically and isolate possible mechanisms of pathogenesis. Finally, using ZIKV-specific PPIs, an NS4A-ANKLE2 interaction was uncovered and shown to impede brain development in Drosophila, suggesting that this connection is, at least in part, responsible for ZIKV-induced microcephaly.
RESULTS
Generating a High-Confidence DENV-Human Protein-Protein Interaction Network Identifying virus-host interactions can be valuable for understanding how viruses hijack and re-wire host machinery. As a basis for our comparative studies, a DENV-human PPI map was created using an integrated AP-MS and RNAi screening approach ( Figure 1A) . The open reading frames (ORFs) corresponding to each of the 10 viral proteins of DENV serotype 2 strain 16681 were cloned with a C-terminal 2xStrep affinity tag. Three additional constructs were cloned for expression: a membrane-anchored Capsid (Capsid Anchor), prM together with E since prM is the viral chaperone for folding the E protein (prME), and NS2B together with NS3 to mimic an active protease (NS2B3) ( Table S1 ). The tagged proteins were expressed and affinity purified from human HEK293T cells and analyzed by MS.
The resulting proteomic data were subjected to MiST, a scoring system that quantitatively analyzes host-pathogen proteomic AP-MS data (Jä ger et al., 2011a; Verschueren et al., 2015) . Since a large enough list of validated DENV-human PPIs does not exist to benchmark our MiST scoring parameters, gene perturbation data were used to refine MiST scoring, an approach that was successful for hepatitis C virus (HCV) (Ramage et al., 2015) . Starting with previously defined weights (Jä ger et al., 2011a) , the top 350 interactors were functionally examined in an RNAi knockdown screen in Huh7 cells, using a DENV Renilla luciferase reporter virus (Samsa et al., 2009) (Figure 1B , Table S2 ). Knockdown averaged 72%, as measured for 37 genes using qRT-PCR ( Figure 1C ). Importantly, while this RNAi knockdown approach may lead to false negatives due to redundancy, we controlled for toxicity to avoid false positives associated with perturbing essential genes. DENV-interacting host factors that were previously reported to be flavivirus host dependency factors and their associated complex members were recovered, including SEC61G and SRPR (Krishnan et al., 2008; Zhang et al., 2016) , and new potential restriction factors PAF1 and GNL3 were also identified ( Figure 1D ). Adding this data to the curated literature set ( Figure 1D , Table S2 ) resulted in the set of 23 benchmark interactions for iterative MiST training (Figure 1E) . The optimal DENV MiST weight set (Table S3 ) identified a total of 498 DENV-human interactions, including 14 of the 23 benchmark interactions. Using a complementary scoring algorithm, CompPASS (Sowa et al., 2009) , we further restricted our final list of protein interactions to only those surpassing both the MiST scoring threshold and those found within the top 5% of CompPASS scores for each bait. This collective analysis resulted in a total of 198 high-confidence DENV-human PPIs across 12 distinct baits (Figures 1E, Table S4 ).
To identify processes and pathways that may be targeted by specific DENV proteins, enrichment analysis was performed on sets of host proteins interacting with individual viral baits (Table S5 ). This revealed that viral proteins were interacting with host factors that were significantly enriched in biological processes consistent with their subcellular localization and known biology. For example, NS4A was enriched for interaction partners involved in ER and Golgi function ( Figure 1F ), consistent with its localization (Figures S2 and S3 ) and role in forming convoluted membranes in the ER (Miller et al., 2007) . Furthermore, NS5 was enriched for interaction partners linked to nuclear functions including chromatin modification and RNA processing ( Figure 1F ), in line with its nuclear localization ( Figure S2) DENV benchmark (7) Published genetic phenotype for Flaviviridae (21) Published host-host protein interaction (149) DENV-host protein interaction (198)
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Human protein interactions with proteins involved in lipid metabolism and ER stress, which could help elucidate the exact mechanisms of these previously known perturbations (Heaton and Randall, 2010; Peñ a and Harris, 2011) . We also explored the level of overlap between our DENV-human PPI network and other previously published Flaviviridae protein interaction and genetic datasets. There was not significant overlap with Y2H data (p = 0.07, Fisher's exact test) (Table  S4) , possibly owing to fundamental differences between the AP-MS and Y2H methods (von Mering et al., 2002) . However, previously published AP-MS data shared a significant overlap (Table S4) , with a total of 18 common virus-host protein interactions (p < 4e-6, Fisher's exact test) ( Figure 1G) . A significant overlap was also seen for 21 genes involved in DENV-human protein interactions that give a Flaviviridae replication phenotype through genetic perturbation methods (p < 2e-3, Fisher's exact test) ( Figure 1H , Table S4 ), suggesting that our network includes PPIs important for viral replication.
To enable a more detailed examination of the interactions uncovered by our AP-MS approach, we used a network representation to map the DENV-human PPIs surpassing our scoring thresholds ( Figure 2 ). Overlaying interactions from the benchmark dataset and previously published replication phenotypes as well as 149 well-characterized human-human PPIs on the DENV-human PPI network highlighted specific interactions of interest. This included the previously identified interactions between NS1 and complement component C4A (Avirutnan et al., 2010) , EI24 and the TRiC chaperone complex (Hafirassou et al., 2017) , NS5 with the PAF1 complex (PAF1C) (Krogan et al., 2002) , and a previously unidentified interaction between NS2B3 members of the CTLH complex (Kobayashi et al., 2007) . Interactions between DENV proteins and p62 (SQSTM1), TTC37, and TRIM26 were also detected, all of which were previously implicated in DENV replication (Marceau et al., 2016; Metz et al., 2015) .
Comparing ZIKV and DENV-Human Protein-Protein Interaction Networks
The recently emerged ZIKV shares many aspects of replication and pathogenesis with DENV. To identify potential virus-host protein interactions that might mediate these similarities, AP-MS analysis was extended to ZIKV. ZIKV ORFs for the French Polynesia 2013 H/FP/2013 (ZIKVfp) and Uganda 1947 MR766 (ZIKVug) strains were subjected to AP-MS and MiST scoring using the same strategy employed for the DENV-human interactome (Tables S1 and S4). We focused on Capsid, NS3, NS2B3, NS4A, and NS5, since these baits produced high quality data ( Figure S1 , see STAR Methods for more detail). There was a significant level of overlap between the two strains of ZIKV (63%, p < 2.2e-16, Fisher's exact test) ( Figure S4 ), and ZIKVfp was chosen for further analysis since it is more closely related to the Brazilian strain causing the current microcephaly-associated epidemic (Wang et al., 2016) .
Comparing the DENV-human and ZIKV-human PPI networks revealed a significant overlap of 28 virus-host protein interactions between the DENV and ZIKV AP-MS datasets (p < 7e-9, Fisher's exact test) ( Figure S4 ). We also considered network overlap at the complex and pathway level to get a higher-level perspective on conservation of flavivirus-host interactions. Enrichment analysis on both datasets allowed for a comparison of biological processes and cellular compartments and showed extensive overlap between the two networks (Figures 3A and S5A, Table S5 ), and overlap for NS5 was particularly strong (9 out of 17 shared functional categories). The enrichment in interactions involved in gene expression for both DENV and ZIKV underlined the potential role of flavivirus NS5 in regulating host gene expression during infection. The interaction between NS5 and PAF1C stood out since PAF1C was the only complex for which multiple subunits were identified as high confidence interaction partners in both datasets ( Figure 3A ), and knockdown of PAF1 increased virus reporter activity in the DENV RNAi screen ( Figure 1D , Table S2 ).
NS5 Inhibits PAF1C Recruitment to Interferon Stimulated Genes
PAF1C is a chromatin-associated complex that promotes several key events required for transcriptional elongation. Specifically, PAF1C recruitment to the promoter is required for H3K4 and H3K79 trimethylation (Krogan et al., 2003) . Given the conservation of the NS5-PAF1C interaction between DENV and ZIKV, the conservation of this interaction with other medically relevant flaviviruses was explored. Affinity purification and western analysis showed that the NS5-PAF1C interaction was conserved across all four DENV serotypes, West Nile virus (A) DENV-human (blue) and ZIKV-human (pink) data were compared using gene ontology biological process and cellular compartment categories. Highly similar categories with significant enrichment (FDR corrected q value < 0.05) were combined (Table S5) , and median q values of combined terms are plotted. Individual interactions detected in DENV (blue) and ZIKV (pink) datasets are shown for a subset of NS5 enrichment categories. (B) NS5 interaction with PAF1C subunits is conserved across flaviviruses. 2xStrep II tagged NS5 constructs were subjected to AP and western blot. Stat2 is a positive control for NS5 AP, DENV Cap (Capsid), HIV Tat, and EGFP are negative controls. Red triangles indicate band corresponding to bait. (C) Knockdown of PAF1C subunits leads to increased infectivity by DENV and ZIKV. Error bars reflect standard deviation of four replicates. p values were calculated using a paired, one tailed Student's t test.
(D) Knockdown of PAF1C components was confirmed by western blot. (E) Mean LEO1 occupancy for 67 DENV-induced genes plotted for ChIP-seq triplicates. Error bars reflect standard deviation. p values were calculated using paired, two-tailed Mann-Whitney U-test. (F) NS5 inhibition of LEO1 recruitment is specific to ISGs. Error bars reflect standard deviation from triplicates. (G) Quantitative comparison of genes expressed in NS5-and GFP-expressing cells after immunostimulation. Left side: genome-wide (11,364 genes); middle: 64 genes differentially regulated by polyIC; right: Overlap of genes from set of 64 genes in middle panel and the genes whose binding of LEO1 is affected by NS5 (18 genes). Boxplot hinges correspond to the first and third quartile. p values were calculated using two-tailed Mann-Whitney U-test. (H) Model of NS5 effect on immune response gene expression through interaction with PAF1C. (legend continued on next page) (WNV), and ZIKV ( Figure 3B ). Detection of STAT2 was used as a positive control for DENV and ZIKV NS5 (Ashour et al., 2009; Grant et al., 2016) , while the negative controls DENV Capsid, GFP, and empty vector did not associate with PAF1C. Human immunodeficiency virus (HIV) trans-activator of transcription (Tat) served as another control since it is known to interact with nuclear localized regulators of transcription elongation. Known interactions between Tat and CDK9 and Cyclin T1 (CYCT1) (Zhu et al., 1997) were confirmed, but association with PAF1C was not observed. We next tested if the PAF1 knockdown phenotype observed in our earlier screen ( Figure 1C ) was conserved across DENV and ZIKV. RNAi knockdown of PAF1C members PAF1, LEO1, and CDC73 all led to an increase in both DENV and ZIKV infectivity relative to a non-targeting siRNA control ( Figures 3C and 3D ). Knockdown of host dependency factor ATPVOC was used as a positive control and led to the expected decrease in infectivity (Krishnan et al., 2008) .
We hypothesized that NS5 may abrogate antiviral responses by binding to PAF1C to inhibit expression of interferon stimulated genes (ISGs), similar to influenza A virus (IAV) NS1 protein (Marazzi et al., 2012) . To test this hypothesis, chromatin immunoprecipitation followed by analysis via sequencing (ChIP-seq) on the PAF1C subunit LEO1 was performed in cells expressing DENV NS5 or GFP following interferon beta (IFNb) stimulation. Since proteolytically processed DENV NS5 is known to degrade STAT2 and thereby inhibit IFN signaling (Ashour et al., 2009 ), a non-proteolytically processed NS5 that cannot degrade STAT2 was used ( Figure S5B ). We focused our analysis on DENV-induced ISGs that also produced an IFNb-induced LEO1 ChIP-seq signal in GFP-expressing cells and found that LEO1 occupancy increased significantly across the gene bodies of DENV-induced ISGs following IFNb treatment in GFPexpressing cells (p < 0.0001, paired two-tailed Mann-Whitney U-test), but not in NS5-expressing cells. The increase in LEO1 occupancy was also specific to IFNb stimulation of DENV-inducible ISGs (Figures 3E, 3F , and S5C).
To determine if NS5 impacts gene expression, RNA-seq analysis was carried out in cells expressing either NS5 or GFP after stimulation with Polyinosinic:polycytidylic acid (polyIC), an immunostimulant that acts upstream of IFN production (Longhi et al., 2009 ). Compared to cells expressing GFP, NS5-expressing cells significantly suppressed the induction of 64 immune response genes (p < 5x10 À14 , two-tailed Mann-Whitney U-test), including 18 genes that also showed an NS5-dependent reduction in LEO1 binding (p < 5x10 À7 , two-tailed Mann-Whitney U-test) ( Figures 3G and S5D , Table S6 ). Of 19 reported IRF3dependent genes (Rialdi et al., 2016) , 15 were induced by polyIC and downregulated in an NS5-dependent manner (Table S6 ), suggesting that at least some of the effect on the immune evasion occurs upstream of IFNb signaling. Taken together, these data suggest that NS5 inhibits the recruitment of PAF1C to ISGs, an effect that significantly dampens expression of immune response genes ( Figure 3H ).
Comparing Flavivirus Interactions across Human and
Mosquito Hosts DENV and ZIKV are mosquito-borne flaviviruses and must hijack host machinery in two vastly different hosts to facilitate basic aspects of viral replication. To understand how mosquito-borne flaviviruses might accomplish this complex task, AP-MS and MiST scoring was performed on DENV baits in Aedes aegypti Aag2 cells using the same strategy that was employed for the creation of the DENV-human network (Tables S1 and S4). Again, we focused on Capsid, NS3, NS2B3, NS4A, and NS5 since these baits produced high-quality data ( Figure S1 , see STAR Methods for more detail). We identified 15 interactions shared with the DENV-human interactome at the protein level (p < 5e-7, Fisher's exact test), and 45 shared at the pathway or complex level ( Figure S6A ), suggesting that we are uncovering shared biology across both hosts.
To gain a global understanding of how cross-virus and crosshost virus-host PPIs may be conserved at the complex and pathway level, enrichment analyses was performed on all three networks (DENV-human, ZIKV-human and DENV-mosquito) at the level of biological processes and cellular compartments (Figures 4A and S6B,  Table S5 ). One advantage of focusing on interactions conserved across viruses and hosts is that these interactions could serve as a starting point for broad-spectrum antiviral development with limited risk of viral resistance. There was overlap among all three AP-MS datasets for Capsid and NS4A, the latter showing the larger overlap (four out of six shared categories) ( Figure S6B ).
Pharmacological Modulation of the SEC61 Translocon Inhibits Flavivirus Replication
One of the most prominent sets of genes found to interact with DENV and ZIKV NS4A in both human and mosquito cells were classified as being involved in ''organelle targeting and organization'' ( Figure 4A ). Included in this category are genes involved in targeting proteins to the ER, Golgi, and mitochondria and in maintaining organelle structure. Factors linked to ER function included the SEC61 translocon and the signal recognition particle receptor (SRPR), which together orchestrate the co-translational insertion of transmembrane proteins into the ER membrane (Shao and Hegde, 2011) . While SRPR and SEC61G were highly specific to interactions with NS4A, SEC61A1 and SEC61B were found to interact with many baits in our AP-MS datasets, consistent with the fact that many flavivirus proteins include transmembrane domains and require co-translational translocation into the ER membrane. Targeted proteomics confirmed that while SEC61A1 and SEC61B interact with all of the tested flavivirus transmembrane proteins, SEC61G and SRPR specifically interact with DENV and ZIKV NS4A ( Figure 4B ). (legend continued on next page)
Given the conservation of the SEC61 interaction for all three proteomic datasets, we next asked if the SEC61 translocon could be targeted by a small molecule for pan-flaviviral inhibition in both humans and mosquitoes. Previous RNAi and CRISPR screens have identified the SEC61 translocon as a flavivirus host dependency factor in human and insect cells (Krishnan et al., 2008; Zhang et al., 2016) , and we recently demonstrated the inhibition of DENV replication in primary human monocyte-derived dendritic (Heaton et al., 2016) cells using the substrate-selective co-translational translocation inhibitor (cotransin) CT8 (Maifeld et al., 2011) . As a proof-of-concept demonstration that our comparative approach can identify conserved mechanisms of replication, we extended this analysis to ZIKV and replication in mosquito cells. We also include PS3061, a CT8 analog with overlapping yet distinct pharmacological properties. Both cotransins inhibited DENV and ZIKV virion production and replication to nearly undetectable levels ( Figures 4C and 4D ). Importantly, cell viability was not decreased compared to the carrier control (Figure S6C) . No viral protein production was observed after cotransin treatment ( Figure 4E ), suggesting that very early stages of viral protein co-translational translocation are impacted. Remarkably, cotransins inhibit viral protein production even when added 12 hr post infection after initial viral replication complexes have formed (Lindenbach et al., 2013) ( Figure 4F ). Thus, chemical modulation of SEC61 by cotransins allows targeting of an essential cellular process required for early stages of DENV and ZIKV replication in both human and mosquito cells ( Figure 4G ).
ZIKV NS4A Affects Brain Development in an ANKLE2-Dependent Manner ZIKV is not unique among flaviviruses in its ability to cause microcephaly and other developmental defects (O'Leary et al., 2006; Platt et al., 2018) , but the scale of the ZIKV epidemic has increased the urgency to understand the mechanisms behind this neuropathogenesis. Moreover, while ZIKV can cause microcephaly, there is currently no evidence that DENV can. We therefore hypothesized that ZIKV-specific interactions with human proteins involved in brain development contribute to its neuropathogenesis. Comparing the flavivirus-human networks, we identified several such ZIKV-specific interactions ( Figure S4 ), including a connection between NS4A and ANKLE2. Interestingly, ANKLE2 mutations cause an autosomal recessive microcephaly in humans (Shaheen et al., 2018; Yamamoto et al., 2014) . These effects are conserved in Drosophila, a well-established model organism for brain development (Wangler et al., 2015) , as fly Ankle2 hypomorphic mutants (Ankle2 A ) are pupal lethal and exhibit microcephaly. Importantly, expression of human ANKLE2 (hANKLE2) in Drosophila Ankle2 A mutants rescues the phenotype, indicating conserved functions of ANKLE2 (Yamamoto et al., 2014) . Ubiquitous expression of ZIKV NS4A in wild-type (WT) animals caused a significant decrease in 3 rd instar larval brain volume compared to a CD8-GFP control (p < 0.001, one-way ANOVA, Sidak's multiple comparisons test) ( Figures 5A-5C ). Expression of hANKLE2 or dAnkle2 rescued this phenotype, while expression of a microcephaly-associated hANKLE2 variant (hANKLE2 Q782X) did not. Importantly, while Ankle2 heterozygous (Ankle2 A /+) larvae had normal brain sizes, expression of ZIKV NS4A in these animals resulted in a severe brain volume reduction (p < 0.0001, one-way ANOVA, Sidak's multiple comparison test) ( Figures 5B and 5C ). In addition, at high temperatures (29 C), NS4A-expressing animals in this background showed extreme brain size reduction and often died earlier than controls (data not shown). This synergistic interaction suggests that Ankle2 is highly sensitive to the presence of NS4A, consistent with PPI-mediated dysfunction. In comparison, DENV2 NS4A induces a less severe phenotype that is not statistically different from WT brains ( Figure 5C ). Targeted proteomics confirmed that ANKLE2 interacts with both ZIKVug and ZIKVfp NS4A proteins, and revealed a lower intensity interaction with DENV2 NS4A ( Figure 5D ), consistent with the fact that DENV has not been associated with microcephaly in humans.
Since our previous work showed that Ankle2 loss promotes apoptosis in the larval fly brain (Yamamoto et al., 2014) , we tested the effect of ZIKV NS4A on apoptosis. Cell death, as measured by Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling (TUNEL), was significantly increased in 3 rd instar larval brains expressing ZIKV NS4A (p < 0.001, one-way ANOVA, Tukey's multiple comparisons test) and was partially rescued by expression of hANKLE2 ( Figure 5E ). Larvae expressing NS4A showed TUNELpositive cells in neurons ( Figure 5F ) but rarely in neuroblasts ( Figure 5G ). Furthermore, while these larvae had normal levels of central brain neuroblast numbers, expressing NS4A in the background of heterozygous Ankle2 A /+ animals led to a subtle reduction in the number of central neuroblast ( Figures 6A and  6B ), a significant reduction in medulla neuroblasts (Figures 6A and 6C) , and reduced proliferation in half of the animals tested as shown by EdU incorporation ( Figure 6D ). Finally, expression of NS4A in neuroblasts or neurons alone did not fully recapitulate the phenotypes observed upon ubiquitous expression ( Figure 6E ), indicating that multiple cell types throughout the brain are affected by NS4A. The optic lobe and medulla were most severely affected as demonstrated by eyeless-NS4A expression (Figure 6E ). Collectively, these data show that NS4A expression inhibits key functions of Ankle2 in the developing brain ( Figure 6F ).
DISCUSSION
In this study, we present a systematic comparative analysis of flavivirus-host PPIs. By using a complementary and integrative physical (AP-MS) and gene perturbation (RNAi) approach, a comprehensive DENV-human PPI network for all DENV proteins was generated. This platform was extended to characterize ZIKV-human and DENV-mosquito PPIs to facilitate comparative studies and reveal several new aspects about flavivirus replication and pathogenesis.
(F and G) Cell type specific cell death was analyzed using TUNEL followed by immunostaining to identify neurons, glia, and neuroblasts. A single slice was analyzed in each set of images. Scale bar 40 mm. (F) Merged signals for neurons (Elav, purple), glia (Repo, light gray) and TUNEL (green). (G) Merged signals for neuroblasts (Dpn, red), ganglion mother cells and early neuronal lineages (Pros, cyan), and TUNEL (green) from a region of the brain at the surface (left panel) and from a deeper region of the brain (right panel).
Comparative Protein-Protein Interaction Mapping Reveals a Function for NS5-PAF1C Interaction in Immune Evasion
Integrating the DENV and ZIKV interaction networks reveals a mechanism of NS5-mediated IFN antagonism through the NS5-PAF1C interaction. Flavivirus NS5 has been reported to antago-nize the IFN signaling pathway via numerous mechanisms, including STAT2 degradation and nuclear translocation (Laurent-Rolle et al., 2014), suppression of IFNAR1 maturation (Lubick et al., 2015) , and inhibition of splicing of RIG-I . We show that NS5 also inhibits the recruitment of PAF1C to ISGs and subsequent ISG expression, similar to IAV (E) Brain volumes quantified from animals expressing the indicated construct with the indicated driver to test cell type specificity. All boxplot hinges correspond to the first and third quartile. p values were calculated using one-way ANOVA, Sidak's multiple comparisons test. Act-NS4A and Act-CD8GFP were also shown in Figure 5C . (F) Model of ZIKV NS4A impact on ANKLE2 function and brain development.
NS1 protein (Marazzi et al., 2012) . It will be of interest to examine if other viruses, bacteria, or parasites target PAF1C as a general mechanism for inhibition of innate immune responses.
SEC61 Is a Conserved Hub for Viral Replication and Potential Drug Target
We also demonstrate the utility of comparative virus-host PPI studies in identifying druggable host factors. Using pharmacological modulation of the SEC61 translocon, we confirm its essential role in DENV replication in human cells and extend this to ZIKV and mosquito cells to demonstrate this strategy's pan-flavivirus antiviral potential. Targeting host factors with antiviral drugs has the advantage of reducing the likelihood of viral resistance. Importantly, targeting SEC61 further decreases the risk of generating viral resistance due to the virus' dependence on this host machinery in both human and mosquito cells, requiring any evolutionary adaption away from SEC61 to occur in both hosts.
Genetic and Infectious Causes of Microcephaly via ANKLE2
Of all ZIKV targets identified in our proteomic approach, only ANKLE2 was previously linked to severe microcephaly (Shaheen et al., 2018; Yamamoto et al., 2014) . In addition, ANKLE2-associated phenotypes are strikingly similar to ZIKVassociated microcephaly (Moore et al., 2017) . Here, we show a potential role for ANKLE2 in ZIKV-induced microcephaly, arguing that severe ANKLE2-associated microcephaly can occur either through genetic loss of ANKLE2 or infectious causes. The observation that human ANKLE2 rescues mutant Ankle2 microcephaly, as well as the microcephaly induced by expression of NS4A, highlights the usefulness of Drosophila to functionally dissect pathogenic mechanisms (Wangler et al., 2015) . Furthermore, experiments with animals heterozygous for Ankle2 demonstrate that a reduction in Ankle2 activity below a certain threshold highly sensitizes animals to NS4A expression and microcephaly. Collectively, our data indicate that NS4A inhibits ANKLE2 and thus contributes to ZIKV-induced microcephaly. These results underline the utility of PPIs and complementary genetic models in studying human disease to rapidly generate and test hypotheses.
Multiple Possible Mechanisms for ZIKV-Mediated Neuropathogenesis
While we show that ZIKV-associated microcephaly acts through the ANKLE2 pathway, it is possible that multiple developmental pathways synergize to promote microcephaly upon ZIKV infection. For example, ZIKV RNA binds MSI1, an RNA-binding protein that regulates gene expression of microcephaly gene MCPH1, to facilitate viral replication in neuronal stem cells (Chavali et al., 2017) . ZIKV NS2A inhibits brain development in mice through degradation of adherens junction proteins (Yoon et al., 2017) . Disruption of the non-sense-mediated decay pathway by ZIKV Capsid could also impact brain development (Fontaine et al., 2018) . It is also possible that NS4A causes neuropathogenesis through multiple mechanisms, as previous studies demonstrate ZIKV NS4A and NS4B inhibit NSC division through the Akt-mTOR pathway (Liang et al., 2016) .
In summary, we show that comparative virus-host PPI mapping is a powerful approach to identify conserved mechanisms of replication and druggable host targets for broad-spectrum therapeutic intervention. When coupled with in vivo models of human disease, this systems-to-mechanism pipeline greatly helps our understanding of pathogenesis.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Antibodies
Mouse anti-Strep tag antibody 34850 (QIAGEN) was used for western blot and immunofluorescence analysis. Immunofluorescence of organelle markers were done using rabbit anti-Calnexin 2679 (Cell Signaling), rabbit anti-GRASP65 (gift from Sima Lev) (Peretti et al., 2008) , rabbit anti-TOMM20 sc-11415 (Santa Cruz Biotechnology), and rabbit anti-TIP47 (Abcam). Secondary AlexaFluor anti-mouse 488 and anti-rabbit 555 (Invitrogen) were used for detection. Western blot analysis of PAF1C components and controls were done using rabbit anti-PAF1 A300-173A (Bethyl Laboratories), rabbit anti-LEO1 A300-175A (Bethyl Laboratories), rabbit anti-CTR9 A301-395A (Bethyl Laboratories), rabbit anti-CDC73 GTX110280 (GeneTex), rabbit anti-STAT2 sc-476 (Santa Cruz Biotechnology), rabbit anti-CDK9 sc-8338 (Santa Cruz Biotechnology), goat anti-CYCT1 sc-8127 (Santa Cruz Biotechnology), mouse anti-Strep 34850 (QIAGEN) and rabbit anti-Gapdh 14C10 (Cell Signaling). Secondary HRP-conjugated goat anti-mouse and goat anti-rabbit antibodies were used for detection (BioRad). Immunofluorescence of DENV or ZIKV-infected cells was detected by 4G2 monoclonal antibody against flavivirus glycoproteins (gift from Michael Diamond) (Henchal et al., 1982) . Fluorescent secondary antibodies were from Life Technologies. Chromatin immunoprecipitation of LEO1 was done using rabbit anti-LEO1 A300-175A (Bethyl Laboratories). Western blot analysis of NS2B was performed using rabbit anti-DENV-NS2B GTX 124246 (GeneTex) and mouse anti-b actin A2228 (Sigma). Secondary HRP-conjugated donkey anti-rabbit NA934 (GE Healthcare) and sheep anti-mouse NA931 (GE Healthcare) were used for detection. Ankle2 assays were conducted using primary antibodies including guinea pig anti-Deadpan (gift from Chris Doe, originally Jim Skeath), mouse anti-Prospero MR1A (Developmental Studies Hybridoma Bank), and mouse anti-Strep (QIAGEN) with goat secondary antibodies (Jackson Laboratories). All antibodies used are documented in the Key Resources Table. Generation of flavivirus-host PPI data Expression and purification of viral proteins Viral proteins were expressed in human HEK293T cells using Polyjet (SignaGen) or in Aag2 cells using TransIT-2020 (Mirus Bio) according to manufacturer instructions. Viral proteins were purified approximately 40 hours post transfection. Cells were washed with D-PBS and lysed in IP Buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA) supplemented with 0.5% Nonidet P 40 Substitute (NP40; Fluka Analytical) and cOmplete mini EDTA-free protease and PhosSTOP phosphatase inhibitor cocktails (Roche) and incubated on a tube rotator for 30 minutes. After centrifugation at 3,500 g for 20 minutes to pellet debris and rotated with Strep-tactin Sepharose beads (IBA Lifesciences) diluted in IP Buffer and incubated for 2 hours. Strep-tactin beads were washed three times with 1 mL IP Buffer supplemented with 0.05% NP40 and transferred to a new tube with a final wash in 1 mL IP Buffer. All incubation and wash steps were performed at 4 C. Proteins were eluted in 40 mL 2.5 mM D-Desthiobiotin (IBA Lifesciences) in IP Buffer by agitating Strep-tactin beads at room temperature for 30 minutes using a vortex mixer. Lysates and 10% of each eluate were resolved on 4%-20% Criterion protein gels (BioRad) to assess Strep-tagged protein expression and affinity purification by western blot and silver stain (Thermo Fisher), respectively, before submitting 10 mL eluate for mass spectrometry (Figure S1 ). At least three independent biological replicates were performed for each Strep-tagged viral protein.
Localization of viral proteins
Each DENV-human construct was subjected to immunofluorescence and confocal microscopy to confirm subcellular localization. HeLa S3 cells were grown on coverslips in 24-well plate and transfected with 1 mg of plasmid using Lipofectamine 2000 (Thermo Fisher) according to manufacturer recommendations. One day post-transfection, cells were fixed with 4% paraformaldehyde in PBS for 15 minutes at room temperature, and quenched with 0.1 M glycine in PBS for 15 minutes. Cells were permeabilized with 0.1% Triton X-100 in PBS for 15 minutes at room temperature (mitochondria, Golgi and ER markers) or with 0.01% digitonin in PBS for 30 minutes (lipid droplet markers). Permeabilized cells were blocked with goat serum in PBS for 30 minutes at room temperature. Coverslips were incubated for 1 hour at room temperature with primary antibodies diluted in blocking solution as follows: mouse anti-Strep II (1:1500), rabbit anti-Calnexin (1:50), rabbit anti-GRASP65 (1:800) and rabbit anti-TOMM20 (1:100), rabbit anti-TIP47, (1:1000). Coverslips were extensively washed with PBS, incubated for 1 hour with secondary antibodies diluted in blocking solution and washed with PBS. For staining of lipid droplets, coverslips were incubated with 1 mg/ml Bodipy 493/503 diluted in PBS for 15 minutes and extensively washed with PBS. Finally, coverslips were incubated for 5 minutes with 10 mg/ml of Hoechst 33342 diluted in PBS, washed with PBS and mounted on slides with Prolong Gold antifade mounting solution (ThermoFisher Scientific). Confocal images were obtained with spinning disk confocal microscope (Nikon Ti-E microscope equipped with Yokagawa CSU-22) using 100x/1.4 oil immersion objective. AlexaFluor 488, AlexaFluor 555 and Hoechst 33342 were excited using a 488 nm, 561 nm and 405 nm lasers, respectively.
Mass spectrometry for global proteomics
Purified protein eluates were digested with trypsin for LC-MS/MS analysis. Samples were denatured and reduced in 2M urea, 10 mM NH 4 HCO 3 , 2 mM DTT for 30 min at 60C, then alkylated with 2 mM iodoacetamide for 45 min at room temperature. Trypsin (Promega) was added at a 1:100 enzyme:substrate ratio and digested overnight at 37 C. Following digestion, samples were concentrated using C18 ZipTips (Millipore) according to the manufacturer's specifications. For DENV samples, digested peptide mixtures were analyzed by LC-MS/MS on a Thermo Scientific Velos Pro dual linear ion trap mass spectrometry system equipped with a Proxeon Easy nLC II high pressure liquid chromatography and autosampler system. Samples were injected onto a pre-column (2 cm x 100 mm I.D. packed with ReproSil Pur C18 AQ 5 mm particles) in 0.1% formic acid and then separated with a one-hour gradient from 5% to 30% acetonitrile (ACN) in 0.1% formic acid on an analytical column (10 cm x 75 mm I.D. packed with ReproSil Pur C18 AQ 3 mm particles). The mass spectrometer collected data in a data-dependent fashion, collecting one full scan followed by 20 collision-induced dissociation MS/MS scans of the 20 most intense peaks from the full scan. Dynamic exclusion was enabled for 30 s with a repeat count of 1. The resulting raw data was matched to protein sequences by the Protein Prospector algorithm. Data were searched against a database containing either SwissProt Human protein sequences or Uniprot Aedes aegypti protein sequence, combined with DENV sequences, concatenated to a decoy database where each sequence was randomized to estimate the FPR. The searches considered a precursor mass tolerance of 1 Da and fragment ion tolerances of 0.8 da, and considered variable modifications for protein N-terminal acetylation, protein N-terminal acetylation and oxidation, glutamine to pyroglutamate conversion for peptide N-terminal glutamine residues, protein N-terminal methionine loss, protein N-terminal acetylation and methionine loss, and methionine oxidation, and constant modification for carbamidomethyl cysteine. Prospector data was filtered using a maximum protein expectation value of 0.01 and a maximum peptide expectation value of 0.05.
For ZIKV samples, peptides were resuspended in 15 mL of 4% formic acid and 3% ACN, and 1-2 mL of sample was loaded onto a 75 mm ID column packed with 25 cm of Reprosil C18 1.9 mm, 120Å particles (Dr. Maisch). Peptides were eluted into a Q-Exactive Plus (Thermo Fisher) mass spectrometer by gradient elution delivered by an Easy1200 nLC system (Thermo Fisher). The gradient was from 4.5% to 32% acetonitrile over 53 minutes. All MS spectra were collected with oribitrap detection, while the 20 most abundant ions were fragmented by HCD and detected in the orbitrap. All data was searched against the SwissProt Human protein sequences, combined with ZIKV sequences. Peptide and protein identification searches, as well as label-free quantitation were performed using the MaxQuant data analysis algorithm, and all peptide and protein identifications were filtered to a 1% false-discovery rate (Cox and Mann, 2008) . Generation of targeted proteomics assays Digested peptide mixtures were analyzed by LC-MS/MS on a Thermo Scientific Orbitrap Fusion mass spectrometry system equipped with a Proxeon Easy nLC 1200 ultra high-pressure liquid chromatography and autosampler system. Samples were injected onto a C18 column (25 cm x 75 mm I.D. packed with ReproSil Pur C18 AQ 1.9 mm particles) in 0.1% formic acid and then separated with a 80 min gradient from 5% to 40% Buffer B (90% ACN/10% water/0.1% formic acid) at a flow rate of 300 nL/min. The mass spectrometer collected data in a data-dependent fashion, collecting one full scan in the Orbitrap followed by collision-induced dissociation MS/MS scans in the dual linear ion trap for the 20 most intense peaks from the full scan. Dynamic exclusion was enabled for 30 s with a repeat count of 1. Charge state screening was employed to reject analysis of singly charged species or species for which a charge could not be assigned. The raw data was matched to protein sequences by the MaxQuant algorithm (version 1.5.2.8) (Cox and Mann, 2008) . Data were searched against a database containing SwissProt Human sequences (downloaded 09/2017) as well as Zika and dengue protein sequences, concatenated to a decoy database where each sequence was randomized to estimate the FDR. Variable modifications were allowed for methionine oxidation and protein N terminus acetylation. A fixed modification was indicated for cysteine carbamidomethylation. Full trypsin specificity was required. The first search was performed with a mass accuracy of ± 20 parts per million and the main search was performed with a mass accuracy of ± 4.5 parts per million. A maximum of 5 modifications were allowed per peptide. A maximum of 2 missed cleavages were allowed. The maximum charge allowed was 7+. Individual peptide mass tolerances were allowed. For MS/MS matching, a mass tolerance of 0.8 Da was allowed and the top 8 peaks per 100 Da were analyzed. MS/MS matching was allowed for higher charge states, water and ammonia loss events. The data were filtered to obtain a peptide, protein, and site-level FDR of 0.01. The minimum peptide length was 7 amino acids. SRM assays were generated for selected interactors of ZIKV and DENV NS4A. SRM assay generation was performed using Skyline (MacLean et al., 2010) . For all targeted proteins, proteotypic peptides and optimal transitions for identification and quantification were selected based on a spectral library generated from the shotgun MS experiments. The Skyline spectral library was used to extract optimal coordinates for the SRM assays, e.g., peptide fragments and peptide retention times. For each protein 1-25 peptides were selected based on intensity, peptide length as well as chromatographic performance. For each peptide the five best SRM transitions were selected based on intensity and peak shape. Targeted mass spectrometry Digested peptide mixtures were analyzed by LC-SRM on a Thermo Scientific TSQ Quantiva MS system equipped with a Proxeon Easy nLC 1200 ultra high-pressure liquid chromatography and autosampler system. Samples were injected onto a C18 column (25 cm x 75 mm I.D. packed with ReproSil Pur C18 AQ 1.9 mm particles) in 0.1% formic acid and then separated with a 80 min gradient from 5% to 40% Buffer B (90% ACN/10% water/0.1% formic acid) at a flow rate of 300 nl/min. SRM acquisition was performed operating Q1 and Q3 at 0.7 unit mass resolution. For each peptide the best five transitions were monitored in a scheduled fashion with a retention time window of 5 min and a cycle time fixed to 2 s. Argon was used as the collision gas at a nominal pressure of 1.5cmTorr.
Collision energies were calculated by, CE = 0.0348 * (m/z) + 0.4551 and CE = 0.0271 * (m/z) + 1.5910 (CE, collision energy and m/z, mass to charge ratio) for doubly and triply charged precursor ions, respectively. SRM data was processed using Skyline (MacLean et al., 2010) . Protein significance analysis was performed using MSstats (Choi et al., 2014) . GFP was overexpressed and purified as a negative control. For each viral protein purification, Sec61, SRPR or ANKLE2 peptides were normalized to the amount detected in a GFP pulldown:
ðPrey peptide intensitiesÞ viral protein purification ðPrey peptide intensitiesÞ GFP purification # RNAi screening of DENV-human PPI candidates Endonuclease-derived siRNAs (esiRNAs) targeting DENV-interacting human genes were synthesized in vitro. Target regions of 200-500 nt in length were amplified from Huh7 cDNA and then in vitro transcribed using T7 polymerase. Target regions of genes and primer sequences used to synthesize esiRNAs are listed in Table S7 . esiRNAs were reverse transfected into Huh7 cells in 96-well format using DharmaFECT4 (Thermo Fisher) with a total of 25 ng esiRNA and 0.2 mL DharmaFECT4 per well. Three days post-transfection, cells were infected with 10 mL DENV serotype 2 16681 Renilla luciferase reporter virus (Samsa et al., 2009 ) in 100 mL total volume. Knockdown was confirmed for 37 genes by qRT-PCR using the SensiFAST SYBR One Step kit (Bioline) following RNA isolation using the CellAmp Direct RNA Prep kit (Takara). PCR primers are listed in Table S7 . Two days post-infection, luciferase activity was recorded using the Renilla luciferase assay system (Promega) and the Veritas luminometer according to manufacturer protocols. Total cell count was determined using a paired, uninfected sample that was stained with 10 mg/ml of Hoechst 33342 in PBS for 10 minutes. Hoechst 33342-positive nuclei were imaged and quantified on the Cell Insight (Thermo Fisher). Reporter activity was normalized by cell count and compared to controls targeting GFP and Firefly luciferase distributed randomly in 12 wells on each of the 96-well plates. The distribution of the average value over four independent replicates for each knockdown was used to calculate Z-scores. Toxicity of siRNA knockdown was measured in the absence of infection by Cell Titer Glo (Promega) according to manufacturer instructions. The distribution of the average value over four independent replicates for each knockdown was used to calculate Z-scores. Any genes that resulted in a toxicity Z-score < À1 were excluded from the benchmark MiST training set (see MiST training and scoring of AP-MS data below).
MiST training and scoring of AP-MS data Proteomic data was scored with the MiST scoring algorithm using spectral counts as the quantifying feature. Clustering of raw MS data, peptide counts per sample and proteins identified per sample were basic quality control metrics used to identify any samples or baits consistently providing poor quality data. Specifically, samples with low spectral counts and protein identification, or poor clustering of raw data were not considered for further analysis. A list of known gold standard interactions derived from literature and the RNAi screen was used to train the MiST algorithm by selecting the optimal weights of reproducibility (R), bait specificity (S), and abundance (A) for the dataset. In addition to candidates from the RNAi screen, curated interactions based on targeted studies were included for those which had multiple published articles supporting the interaction. The literature-curated interactions that surpassed this threshold were the NS5-STAT2 and NS1-C4A interactions (Table S2 ). Since little overlap was observed for published systemslevel protein interaction datasets, these were not used as part of the gold standard set. The outputs of this optimization process include receiver operating characteristic (ROC) curves, precision recall curve, area under ROC curves (AUC, and F1-score, which are then used to select the best MiST weights for the dataset based on the recovery rate of gold standard interactions in the dataset. The three MiST weights for reproducibility (R), specificity (S), and abundance (A) were systematically varied to identify a weight set that captured the most benchmark interactions while controlling the false positive rate (FPR) to be less than 5%. The top 10 MiST weight sets and corresponding MiST thresholds giving the maximum AUC with a FPR below 5% were analyzed in detail (Table S2) , and the median value of each parameter was used for MiST scoring. The resulting allotment of weights for each of the three variables with this system is R = 0.35, S = 0.57, and A = 0.08. Interactions with a score greater than 0.67 were considered high confidence and kept for downstream analysis.
The DENV networks were also scored with the complementary CompPASS scoring algorithm (Sowa et al., 2009) . Only the top five percent of interactions per bait were considered for the confident set using this algorithm. This list of interactions was then compared with the list generated from the MiST results, and the intersecting interactions were used as our final high confidence network. While more conservative, this process is designed to maximize the number of true interactions found while attempting to minimize the number of false positives, and presents a highly confident list of true interactions. DENV-mosquito data was scored identically to the DENV-human data.
The ZIKV data was scored with the MiST scoring algorithm similarly, and using the weights trained on the DENV-human data. The two different strains of the virus were scored together, and the interactions scoring in the top 5% were kept. This resulted in the ZIKVfp and ZIKVug data having a threshold MiST score greater than or equal to 0.72 and 0.69, respectively. The final MiST scored interaction results were further restricted to only interactions that had a spectral count equal or greater than two for at least one replicate. This was to further bolster our confidence in the interaction. After the data was scored, only interactions that fulfilled this spectral count criterion were kept. In addition to using the basic MS quality control metrics described above, ZIKV data analysis was further restricted to baits in which the overlap between ZIKVfp and ZIKVug strains was non-zero. Given the high level of sequence identity between the two strains, we hypothesized that there should be high levels of overlap in the PPI networks. Baits not behaving in this manner were determined to be not of high quality in terms of the AP-MS data. Enrichment analysis of AP-MS datasets Enrichment analysis was performed on the list of high confidence PPIs to determine if the dataset was enriched for specific terms. Terms from GO (Cellular Components, Molecular Function, Biological Processes), PFAM, KEGG, and CORUM were considered. The level of significance for the enrichment was calculated by a hypergeometric test for each term using all proteins detected in the AP-MS data as the list of total possible proteins (Falcon and Gentleman, 2007) . The p values were corrected for multiple comparisons using the Benjamini and Hochberg method to control the false discovery rate (FDR).
For the DENV-mosquito data, Aedes aegypti Uniprot Accession numbers were converted to Drosophila melanogaster Uniprot Accession numbers using the InParanoid ortholog database (Sonnhammer and Ö stlund, 2015) . For genes without a direct ortholog in the InParanoid database, a best BLASTP strategy was used to identify a possible Drosophila ortholog. Enrichment analysis was done using Drosophila identifiers.
Interolog mapping of mosquito proteins DENV-mosquito proteomic data was directly compared to dengue-human proteomic data by mapping mosquito-human orthologs using the InParanoid ortholog database (Sonnhammer and Ö stlund, 2015) as described above. For genes not included in the InParanoid database, a best BLASTP strategy was used to identify a possible human ortholog. Genes were considered interologs if the ortholog was a high confidence proteomic hit for same the DENV bait in the DENV-human and DENV-mosquito AP-MS datasets.
PAF1C studies NS5-PAF1C purification and western blot C-terminally Strep II-tagged flavivirus NS5 constructs were expressed in HEK293T and affinity purified as described for viral proteins in Expression and affinity purification of viral proteins. Inputs and eluates were then subjected to western blotting. Following electrophoresis, proteins were transferred to PVDF (BioRad) with 20% methanol transfer buffer. Membrane was incubated with primary antibodies at 1:1000 overnight at 4 C. Secondary HRP (BioRad) incubation occurred 1:10000 dilution for one hour at room temperature. Signal was detected using Pierce ECL Western Blotting Substrate (Thermo Fisher).
PAF1C depletion and infection
For siRNA knockdown studies, U2OS cells were seeded at 5000 cells/well in 50 mL media per well in 384-well for siRNA knockdown. siRNAs (Sigma) ( Table S7) were transfected with HiPerFect (QIAGEN) according to manufacturer recommendations at a final siRNA concentration of 20 nM. Cells were infected two or three days after knockdown, at 16000 cells/well. Knockdown was confirmed by western blot as described above. DENV NGC and ZIKV Mex infections were at MOIs of 0.06 and 0.5, respectively. Infectivity was measured 24 hours post infection by immunostaining and microscopy. Cells were fixed with 4% formaldehyde for 10 minutes, permeabilized with 0.1% Triton X-100 for 15 minutes, washed three times with PBS and blocked with 2% BSA in PBS-T. Cells were stained with mouse anti-4G2 antibody (1:4000) and fluorescent secondary (1:10000), each for one hour at room temperature. The cells were imaged at 10 3 magnification using an automated imaging platform (ImageXpress Micro, Molecular Devices) with four sites per well. Four fields were imaged for each well, and four wells were analyzed for each condition for each replicate. The number of cells and the number of infected cells were measured using MetaXpress software, and the percentage of infected cells was calculated. The data reflect the results of four independent experiments. P values were calculated using a paired, single-tailed Student's t test. PAF1C ChIP-seq and RNA-seq Huh7 cells stably expressing DENV2 NS5 or GFP were created by electroporation of linearized pCDNA4_TO plasmid and selection with 2 mg/mL Zeocin. Cells were stimulated with 31.25 U/mL IFNb (Avonex) for 18 hours prior to ChIP. Cells were crosslinked with 1% formaldehyde for five minutes, quenched with 125 mM glycine for five minutes. Cells were scraped, washed two times with cold PBS, and lysed in Cell Lysis Buffer (5mM HEPES-KOH pH 7.9, 85 mM KCl, 0.5% IGEPAL CA-630, 0.5 mM phenylmethane sulfonyl fluoride and cOmplete Protease Inhibitor Cocktail (Roche)). Nuclei were pelleted at 600 g for 10 minutes and lysed with Nuclei Lysis Buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 0.5 mM phenylmethane sulfonyl fluoride and cOmplete Protease Inhibitor Cocktail (Roche)). Chromatin shearing by water bath sonication (Diagenode Bioruptor) was optimized to produce $200-300 nucleotide fragments, and protein concentration was quantified by Bradford Assay (Thermo Fisher). Chromatin was immunoprecipitated overnight at 4 C using 500 mg chromatin and 5 mg of anti-LEO1 antibody. To purify antibody-bound chromatin, 50 mL of Protein A Dynabeads (Thermo Fisher) were added and incubated at 4 C for one hour. Dynabead-bound ChIP samples were washed two times with ChIP Dilution Buffer (50mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA and 1% Triton X-100), two times with ChIP High Salt Dilution Buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 1 mM EDTA and 1% Triton X-100), and one time with LiCl Wash Buffer (50 mM Tris-HCl pH 8.0, 250 mM LiCl, 0.5% IGEPAL CA-630 and 0.5% sodium deoxycholate) for five minutes each before being eluted. Samples were reverse crosslinked at 65 C overnight and treated with RNase A (Fermentas) and Proteinase K (Fermentas). DNA was purified by phenol-chloroform extraction and ethanol precipitation. Library preparation for next generation sequencing was done using NextFLEX ChIP-seq Library Preparation Kit (BioO Scientific) according to manufacturer recommendations. Input and ChIP samples were sequenced on the Illumina HiSeq 4000. Resulting sequence data were Q33 quality filtered, collapsed for duplicate reads and aligned using Bowtie (Langmead et al., 2009) with options set to disregard Plaque assay analysis of virion production The titers of supernatants were determined by limiting-dilution plaque assay on BHK cells. Cells were seeded in 12-well plates (at 1 3 10 5 cells/well) overnight. The following day, the medium was removed and serial dilutions of virus supernatants in MEM a, GlutaMAX (Thermo Fisher) were added to the wells (150 mL virus inoculum/well). The cells were then incubated at 33 C and 5% CO 2 for 2 hours. Following this incubation, an overlay consisting of 2% low-melting-point SeaPlaque Agarose (Lonza) in distilled H 2 O (Thermo Fisher), 5% FBS, and 45% 2X MEM (Thermo Fisher) was added at 1.5 mL per well, and the plates were incubated at 33 C with 5% CO 2 for 7 days. After removing the overlay, the plaques were visualized and counted with 1% crystal violet (Fisher)
qRT-PCR analysis of viral replication Total RNA was extracted using Quick RNA TM MiniPrep (Zymo Research). 500 ng RNA were reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad) according to manufacturer recommendations. Evaluation of the expression of viral RNA was carried out using iQ SYBR green Supermix (Bio-Rad) according to manufacturer recommendations. Expression levels for viral RNA in C6/36 cells and Huh7 cells were calculated based on the mean Ct values from three technical replicates using 18S and RPS11 housekeeping genes, respectively, to normalize the data. Experiments were done in three biological replicates. Primer sequences are listed in Table S7 . Western analysis of DENV protein production Sample lysates were collected and protein concentrations were measured by Bradford assay before loading. Following electrophoresis, proteins were transferred to 0.2 mm nitrocellulose membranes (BioRad). Membrane was incubated overnight at 4 C with primary antibodies diluted to 1:1000 and 1:5000 for DENV NS2B and b-Actin, respectively. Secondary HRP (GE) incubation occurred at 1:10000 dilution for one hour at room temperature. Luminescent signal were detected by FluorChem E system (ProteinSimple) using SuperSignal West Pico PLUS Chemiluminiscent Substrate and West Femto Maximum Sensitivity Substrate (Thermo Fisher Cat#: 34580 and Cat#: 34096).
ANKLE2 studies
Creation of transgenic Drosophila stocks C-terminal Strep II-tagged ZIKV constructs (Table S1 ) were cloned into pUASt-attB (Bischof et al., 2007) and inserted into the VK37 landing site (Venken et al., 2006) . Actin-GAL4 (P{Act5C-GAL4}17bFO1), inscuteable-GAL4 (P{w[+mW.hs] = GawB}insc[Mz1407]), worniu-GAL4 (P{w[+mC] = wor.GAL4.A}2), or neuronal Synaptobrevin-GAL4 (P{w[+m*] = nSyb-GAL4.S}3) were used to ubiquitously express ZIKV proteins at 29 C. UAS-CD8GFP (P{UAS-mCD8::GFP}) and UAS-luciferase (P{UAS-LUC.VALIUM1}attP2) were used as controls..
Immunostaining of Drosophila brains
Brains were dissected in PBS and fixed with 4% PFA/PBS/0.3%Triton for 20 minutes and blocked in PBS/0.3%Triton/1%BSA/5% normal goat serum and incubated in primary antibody in PBS/0.3%Triton/1%BSA overnight. Primary antibodies include guinea pig anti-Deadpan (gift from Chris Doe, originally from Jim Skeath, 1:1000), rat anti-Deadpan (Abcam ab195172, 1:250 or 1:500), mouse anti-Prospero MR1A (Developmental Studies Hybridoma Bank, 1:1000), rat anti-Elav 7E8A10 (Developmental Studies Hybridoma Bank, 1:250) and mouse anti-Repo 8D12 (Developmental Studies Hybridoma Bank, 1:250) and mouse anti-Strep (QIAGEN, 1:500) with goat secondary antibodies from Jackson Laboratories used 1:500. Brains were mounted with tape spacers and imaged using a Leica Sp8 with 2 mm sections through the entire brain lobe. Resulting stacks were analyzed using the Surfaces function in Imaris (Bitplane) to quantify brain lobe volume. One lobe from each brain was analyzed. TUNEL analysis of Drosophila brains TUNEL was performed using the FragEL DNA Fragmentation Detection Kit (Calbiochem), processed in Imaris using Gaussian smoothing and background subtraction, and analyzed with the Spots function. To achieve optimal image characteristics in TUNEL experiments that were followed by immunostaining, each image was optimized in Imaris using Gaussian smoothing and background subtraction. Each channel was adjusted for max intensity using the display adjustment. Cell cycle analysis was performed using Click-IT EdU Alexa Fluor 594 or 647 Imaging Kit (Invitrogen). 3 rd instar larvae were fed EdU (0.2 mM) for 4hrs and immediately processed for EdU labeling according the manufacturer instructions followed by antibody staining. Percentage of central brain neuroblasts positive for EdU was assessed. Neuroblasts were quantified by counting Deadpan positive cells from the central brain or medulla in whole brain lobe stacks using the spots function in Imaris. One-way ANOVA was used for statistical analysis followed by Sidak's multiple comparisons test (brain size, neuroblast number, and Edu incorporation) to compare only relevant genotypes or Tukey's multiple comparisons test (TUNEL).
QUANTIFICATION AND STATISTICAL ANALYSIS
RNAi screening of DENV-human PPI candidates Normalized reporter activity Z-scores were calculated based on the average value and standard deviation for the measured distribution of 350 total samples plus 12 controls for a total of n = 362 samples. For each sample, the average value of four independent replicates was used. A Z-score > j1.5j was considered to be significant and used as a benchmark for MiST training. Enrichment analysis of AP-MS data The level of significance for the enrichment was calculated by a hypergeometric test for each term using all proteins detected in the AP-MS data as the list of total possible proteins (Falcon and Gentleman, 2007) . The p values were corrected for multiple comparisons using the Benjamini and Hochberg method to control the false discovery rate (FDR). A FDR-correct p value < 0.05 was considered significant.
Dataset overlap analysis
Fishers exact tests used to calculate the significance of finding overlap between two datasets. A p value < 0.05 was considered significant.
PAF1C studies
For PAF1C siRNA knockdown experiments, the mean value of the fold change in percent infected cells is show for n = 4 replicates, and error bars reflect the standard deviation. P values were calculated using a paired, single-tailed Student's t test. For PAF1 and STAT2 CRISPR depletion experiments, the mean value the concentration of infectious viral particles (pfu/mL) is show for n = 3 replicates, and error bars reflect the standard deviation. P values were calculated using a paired, single-tailed Student's t test. For ChIP-seq experiments, the mean fold change in PAF1C enrichment across the entire gene body, and error bars reflect the standard deviation. For ISGs, n = 67 genes, and p values were calculated using two-tailed Mann-Whitney U-test. A p value < 0.05 was considered significant for these experiments. For RNA-seq experiments, an adjusted p value < 0.05 was considered significant. Each boxplot ( Figure 4G ) represents total range. first quartile, median and third quartile. A paired two-tailed Mann-Whitney U-test was preformed to compare the distribution of log2 fold changes across comparisons (all genes n = 11,364; upregulated immune response genes n = 64; PAF1C-binding upregulated immune response genes n = 18).
In vivo studies in Drosophila One-way ANOVA was used for statistical analysis followed by Sidak's multiple comparisons test (brain size, neuroblast number, and Edu incorporation) to compare only relevant genotypes or Tukey's multiple comparisons test (TUNEL). For brain size, each boxplot ( Figure 5C ), represents total range, first quartile, median, and third quartile, with a total of n = 10 brains quantified for each condition except for ZIKV NS4A + dANKLE2, Ankle2 A /+, and ZIKV NS4A in Ankle2 A /+ which are 5 brains each. For TUNEL, each boxplot ( Figure 5E ) represents total range, first quartile, median, and third quartile, with a total of n = 5 brains quantified for each condition. For neuroblast number and cell proliferation, each boxplot ( Figure 6B -D) represents total range, first quartile, median and third quartile, with a total of n = 4 brains quantified for each condition. For cell type specific expression, each boxplot ( Figure 6E ) represents total range, first quartile, median and third quartile, with a total of n = 4-10 brains quantified for each condition. A p value < 0.05 was considered significant for these experiments. Figure S1 . Flavivirus Protein Expression and Purification, Related to Figures 1, 3, and 4 (A) Viral baits were expressed in HEK293T or Aag2 cells and expression was verified by western analysis using the mouse anti-Strep II antibody. (B) Following affinity purification, enrichment was verified by silver stain analysis. Expected prey size are indicated below each lane and bands associated with prey are highlighted (red triangle). Some prey were codon optimized to improve expression (red text). Expression for some proteins was improved by the addition of MG132. Representative experiments are shown. Figure S2 . Localization of DENV Proteins with ER, Related to Figure 1 The indicated Strep-tagged DENV proteins were ectopically expressed in HeLa S3 cells. ER was labeled by anti-Calnexin antibodies (red) and DENV proteins were detected with anti-Strep II antibodies (green). Nuclei were stained with Hoechst 33342 (blue). Scale bar 10 mm. The indicated Strep-tagged DENV proteins were ectopically expressed in HeLa S3 cells. Golgi was labeled by anti-grasp65 antibodies (red). Mitochondria were labeled by anti-Tomm20 antibodies (red). Lipid droplets were co-labeled by Bodipy493/503 (red) and anti-Tip47 antibodies (cyan). DENV proteins were detected with anti-Strep II antibodies (green). Nuclei were stained with Hoechst 33342 (blue). Scale bar 10 mm. Figure S4 . ZIKV-Human PPI Network, Related to Figure 3 368 high confidence ZIKVfp-human PPIs are displayed. Viral baits (gray squares), human prey (pink circles), PPIs shared with the ZIKVug strain (dark pink circles), PPIs shared with DENV (pink diamonds), human prey involved in neurodevelopment (pink triangles), virus-host interactions (solid gray lines), host-host interactions (dashed pink lines). Figure S5 . DENV and ZIKV Comparative Proteomics to Identify NS5 Antagonism of PAF1C, Related to Figure 3 (A) DENV-human (blue) and ZIKV-human (pink) data were compared using gene ontology biological process and cellular compartment categories. Highly similar categories with significant enrichment (FDR corrected q value < 0.05) were combined (Table S11 ) and median q values of combined terms are plotted. Individual interactions as detected in DENV (blue) and ZIKV (pink) datasets are shown for a subset of NS5 enrichment categories. (B) Western analysis of NS5-and GFP-expressing cells that were used for LEO1 ChIP-seq experiments. STAT2 expression was unaffected by NS5 expression. GAPDH was used as a loading control, and NS5 and GFP expression were detected by the Strep II tag.
Supplemental Figures
(legend continued on next page) Figure S6 . Enrichment Analysis of PPI Data across DENV and ZIKV Datasets Reveals SEC61 as a Target for Inhibition of Flavivirus Replication in Human and Mosquito Cells, Related to Figure 4 (A) 144 high confidence DENV-mosquito PPIs are displayed. Viral baits (gray squares), mosquito prey (yellow circles), PPIs shared with the DENV-human network (orange circles), complexes shared with DENV-human network (gold circles), virus-host interactions (solid gray lines), host-host interactions (orange lines). Prey names are listed as human orthologs. Host-host interactions are based on human and Drosophila ortholog host-host data. (B) Overlap of DENV-human (blue), ZIKV-human (pink), and DENV-mosquito (orange) data were compared using gene ontology biological process categories. Highly similar categories with significant enrichment (FDR corrected q value < 0.05) were combined (Table S5 ) and median q values of combined terms are plotted. Right panel: individual interactions as detected in DENV-human (blue), ZIKV-human (pink), and DENV-mosquito (orange) datasets are shown for a subset of enrichment categories. (C) Cell viability of Huh7 and C6/36 cells was quantified by treatment with carrier (DMSO), CT8 or PS3061. CT8 or PS3061 concentration of 500nM and 1000nM were used in Huh7 and C6/36 cells, respectively. Error bars reflect standard deviation from three replicates.
